RS Ophiuchi is a symbiotic variable and a recurrent nova. We have monitored it with the Nordic Optical Telescope and obtained 30 high resolution (R=46 000) optical spectra over one orbital cycle during quiescence. To our knowledge this is the bestsampled high resolution spectroscopic dataset of RS Oph over one orbital period. We do not detect any direct signatures of an accretion disc such as double peaked emission lines, but many line profiles are complex consisting of superimposed emission and absorption components. We measure the spin of the red giant and conclude that it is tidally locked to the binary orbit. We observe Na I absorption features, probably arising from the circumbinary medium, that has been shaped by previous recurrent nova outbursts. We do not detect any intrinsic polarisation in the optical wavelengths.
INTRODUCTION
RS Ophiuchi (RS Oph) is a symbiotic binary and a recurrent nova (RN) composed of a white dwarf (WD) that accretes matter from an M type giant companion star (Dobrzycka & Kenyon 1994; Kenyon 1986 ). The system is embedded in the stellar wind of the red giant. The orbital period of RS Oph is 453.6 days (Brandi et al. 2009 ).
RS Oph exhibits recurrent outbursts approximately every 20 years and so far six outbursts have been recorded in 1898 , 1933 , 1958 , 1967 , 1985 and 2006 (Brandi et al. 2009 ). Schaefer (2010) also argues that two outbursts were missed in 1907 and 1945. The recurrent nova outbursts are thought to be the result of a thermonuclear runaway on the WD. Because of the short recurrence time of the outbursts the WD mass has been estimated to be close to Chandrasekhar limit and thus it is considered a strong candidate for a future type Ia supernova explosion (Hernanz & José 2008; Starrfield 2008 ). However, King & Pringle (2009) and Alexander et al. (2011) suggest that the outbursts of RS Oph could be due to an accretion disc instability, analogous to dwarf nova outbursts.
It is unclear whether the accretion process in RS Oph occurs via Roche lobe overflow or from the stellar wind capture. However, Schaefer (2009) has calculated that in order ⋆ E-mail: aunsom@utu.fi to accrete enough mass between the outbursts the red giant should fill its Roche lobe.
The outburst in 2006 was extensively observed across the electromagnetic spectrum and a plethora of articles have been published about it (see e.g., Evans et al. 2008) . However, the previously published observations obtained during quiescence often consist of sparse data points or data obtained over several orbital periods (e.g. Zamanov et al. 2005; Brandi et al. 2009; Patat et al. 2011) .
The motivation of our study is to find out whether the mass transfer during quiescence occurs via Roche lobe overflow or stellar wind capture. A better understanding of the system behaviour during quiescence will help determine the nature of the accretion process and the associated outbursts (Alexander et al. 2011) . In this paper we present the data and report on the results of our monitoring campaign of RS Oph in quiescence.
In Section 2 we describe the observations, followed by the data analysis in Sections 3 and 4. Finally, we present the discussion and conclusions.
OBSERVATIONS

FIES
We observed RS Oph with the Fiber-Fed Echelle Spectrograph (FIES) on the 2.5-m Nordic Optical Telescope (NOT) (Telting et al. 2014) observations were conducted as a monitoring campaign. The plan was to take one spectrum roughly every two weeks, but this was hampered by bad weather and the visibility of the target. In total we collected 30 spectra over one orbital period of RS Oph (see Table 1 for the observing log). To our knowledge, this is so far the best-sampled high-resolution spectroscopic dataset of RS Oph over one whole orbital period.
The spectra were obtained using the medium-resolution fiber (R=46000, aperture of 1.3 ′′ ) and an exposure time of 1200 s. A ThAr arc lamp spectrum was exposed immediately before and after the science spectrum.
Before the data reduction, cosmic rays were removed by median filtering the frames. The data were reduced with FIEStool 1 , a FIES data reduction pipeline provided by the NOT. Heliocentric correction was applied to the spectra before further processing. In total 78 orders were extracted from the spectra corresponding to the wavelength range of 3635 -7271Å. The blue end of the spectra are noisy due to the short exposure time relative to the low UV sensitivity of the spectrograph. Figure 1 shows the long term light curve of RS Oph covering the time window of our observations, obtained from the American Association of Variable Star Observers (AAVSO).
ALFOSC
In addition, we obtained one data set of linear spectropolarimetry of RS Oph. The observation was done also with the NOT but using the Andalucia Faint Object Spectrograph (ALFOSC) on 13 August 2008. The data were obained with a λ/2 retarder plate together with a 1.2 ′′ polarimetric slitlet on a Calcite and a grism (#4: 3200 -9100Å, R ∼ 236) with an exposure time of 300 s. The retarder plate was rotated in a sequence and exposures were taken with 4 different angles (0 • , 22.5 • , 45 • , 67.5 • ). We also observed one zero polarisation standard (HD2121311, exposure time 80 s) and high polarisation standard (HD204827, 60 s). The standard stars were observed on 18 August 2008 with the same instrument setup.
The spectra were bias corrected and optimally extracted in IRAF 2 . Wavelength calibration and further processing were done in MOLLY, a software package developed by Tom Marsh 3 . The reduced spectra cover a wavelength range of 3200 -9000Å, however we cut the spectra at 8200Å due to noise in the red end. The spectra were binned to 146 data points (each bin corresponding to 30Å) and zero-corrected before the degree of polarisation was calculated. The errors were estimated from the scatter of the continuum.
HIGH-RESOLUTION SPECTRA
The average of all RS Oph FIES spectra is shown in Fig.  2 . The spectrum shows emission features of He I (5875 (4233, 4924, 5018A, 5196, 5197, 5235, 5276, 5217, 5365, 5535 and 5991Å) , many of them from the red giant, resembling the quiescent spectrum described by Anupama & Miko lajewska (1999) . We do not see signs of He II 4686Å nor O III emission, which are detected in some other symbiotic binaries (see e.g. Ikeda & Tamura 2004) or previously in quiesence spectra of RS Oph before the 2006 outburst (Zamanov et al. 2005 ). RS Oph also shows an unusually strong Li I 6707Å absorption line (Wallerstein et al. 2008; Brandi et al. 2009) which is also present in our spectra.
Line profiles
The hydrogen Balmer lines and Fe II lines show a complex profile composed of superimposed emission and absorption components. The absorption component is blue- shifted. The traditional picture of symbiotic binaries is that the blue-shifted absorption is due to self-absorption by the circumbinary material due to the red giant stellar wind (Ikeda & Tamura 2004) .
We find that the Fe II lines can be divided into two classes: in one the centre of the absorption is blueshifted about -38 km s −1 and in the other around -50 km s −1 . While the H Balmer lines and Fe II lines have both emission and absorption components, the He I lines show only single peaked emission. Figure 3 shows the profiles of some lines of the combined spectrum of RS Oph.
No lines show double peaked emission profiles typical for accretion discs. The apparent double peaked nature of the H and Fe II lines is due to an overlaid absorption feature, since the trough in the middle of the line profile extends well below the continuum level in several line profiles. Apart from this, the Hα line profiles resemble remarkably some of the polar inflow model profiles with low opening angle and intermediate accretion disc scattering optical depth (Fig. 5, ? ). The absorption feature is thought to be due to the stellar wind of the red giant. However, the inclination of RS Oph is probably too low for double peaked line profiles to appear despite the existence of an accretion disc. The inclination of RS Oph has been estimated to be 39 • by Ribeiro (2012) , 49 − 51 • by Brandi et al. (2009) and ≤ 35 • by Dobrzycka & Kenyon (1994) .
Figures A1 -A5 in the appendix show how the individual line profiles vary over the observations, and thus the orbital period.
To study the variability of Hα and Hβ the lines were fitted with a Gaussian multicomponent model: an absorption and two emission components: one broad and one narrow. In order to model the variable emission lines, we fitted all the 30 line profiles of each line simultaneously. This enables us to fit the line profiles with the same average absorption profile (determined during the fitting process), whilst still fitting the changing emission line profiles. The motivation for this is that the absorption does not seem to change with the orbital phase and is thus likely to originate closer to the observer. As a result the broad emission component did not show any specific periodical movement, but the narrow component showed sinusoidal variability. Figure 4 shows examples of the fits of Hα and Hβ lines.
The sinusoidal variation of the narrow emission components was fitted with a radial velocity curve
resulting to a systemic velocity of about γ = −35 km s −1 and semiamplitude of approximately K = 6 km s −1 for both Hα and Hβ (see more detailed values in Table 2 ). The data with fits are shown in Figure 5 . When correcting for the systemic velocity of the fit, the absorption component velocity becomes -18 km s −1 , which is a reasonable value for a stellar wind of a red giant (Espey & Crowley 2008; McCray 1983) .
Radial velocity curves
In addition to the fits explained previously, we also determined the radial velocity curves of the components of RS Oph by two different methods. The radial velocity curve of the red giant was calculated by cross correlating spectral regions with many absorption lines. We decided on using a spectral region around the Li I 6707 line. The spectra were cross correlated with the IRAF task FXCOR. As we did not have a template spectrum, the cross correlations were done against one spectrum of a good signal-to-noise ratio (30 March 2009) and the resulting radial velocity curves were scaled to the correct systemic velocity using the systemic velocity of the Hα narrow emission component fitting (which is in good agreement with the values of previous studies). The radial velocity curves were again fitted with the function of Equation 1. One data point (25 July 2009) was omitted from the fit because the value deviated so much from all the others (a few times larger than the adjacent values with a ten times larger error). This is probably due to bad signal to noise in the spectrum. The results are shown in Fig. 5 . The Hα emission line wings are thought to be emitted close to the WD, so they should trace the radial velocities near the WD. To determine the radial velocity curve for the Hα wings we tried the method by Schneider & Young (1980) implemented in the MOLLY software. But this method is probably inappropriate for our data because it assumes the lines to be double peaked.
We also determined the radial velocity curves of the He I lines at 5875Å and 7065Å by fitting a Gaussian profile to the lines to see how the centre of the lines vary over the orbital period. The FWHM of the fitted profile was 100 km s −1 for both lines. The orbital phases of the He I radial velocity curves are similar to the hydrogen Balmer lines. Thus we suggest that the He I emission also originates in the vicinity of the WD. The results of all radial velocity fits are shown in Table 2 .
We also applied Doppler tomography (Marsh 2005 ) to the He I emission lines and obtained a map of the emission distribution in velocity space. Due to the presence of the absorption component, the technique could not be applied to the hydrogen lines. However, we acknowledge that one should be cautious about interpreting the map as the technique assumes that all motion is restriced in the orbital plane which is probably not the case in RS Oph. The map of He I 5875 is shown in Fig. 6 . It does not show any ring-like structure which could be interpreted as an accretion disc. This is an expected result, as the line profiles are not double peaked, but the emission seems to be concentrated in a region around the white dwarf. 
Mass ratio
We can calculate the mass ratio of RS Oph from the semiamplitudes of the radial velocities. The radial velocity of Li I is used as a tracer of the red giant movement. For the WD we use the narrow emission of the Hα line as we assume the narrow component to originate close to the WD. This gives a mass ratio q = M RG /M WD = 0.285 ± 0.045. When using the He I 5875 line as a tracer for the WD, the mass ratio becomes q = 0.408 ± 0.078. If we assume the mass of the WD to be 1.2 − 1.4 M ⊙ we get a mass of the red giant to be 0.342 − 0.399 M ⊙ and 0.489 − 0.571 M ⊙ with the lower and higher mass ratio, respectively. Our mass ratio is smaller than the value previously reported (q = 0.59 ± 0.05, Brandi et al. 2009 ). In the following we adopt a value of q = 0.285. We choose this value because the error is smaller in the Hα fit than in the He I fit. 
Rotation of the red giant
To study the rotation of the red giant, the heliocentric velocities as well as the orbital radial velocities (based on the fit of the radial velocity curve of the red giant, see Fig. 5 ) were removed from the spectra and then they were combined. The FWHM width of the absorption feature of Fe I at the wavelength 6703.98Å in the combined spectrum was measured to be 0.36Å. After correcting for the instrumental boardening of 6.2 km s −1 , measured from an arc line close to the absorption feature, we obtain a projected velocity of v sin i = 14.8 km s −1 . The line width cannot be caused by atmospheric turbulence only. Pavlenko et al. (2010) determined the microturbulent velocity of the RG to be 3 km s −1 . The convection induced macroturbulence in late type stars is also only of order of a few km s −1 (Gray 2008) . As the measured line width is an order of magnitude higher, we interpret it being caused by the rotation of the red giant. Figure 7 shows the dependence of observed FWHM as a function of equatorial velocity and the system inclination. As no eclipses are observed in RS Oph, the inclination must be less than ∼ 75 • for a mass ratio of q = 0.285 (marked with the dotted line). The two black solid lines in the plot limit the region where the observed FWHM is between 13.8 and 15.8 km s −1 (as our measurement was 14.8 km s −1 ). So the possible values for the equatorial velocity are in the region limited by the lines and below inclination of 75 • .
We calculate the Roche lobe radius of the red giant with the equation by Eggleton (1983) R 2 a = 0.49q 2/3 0.6q 2/3 + ln(1 + q 1/3 )
where R 2 is the Roche lobe radius, q the mass ratio and a the binary separation, and (using q = 0.285) get the value R 2 = 5.77 × 10 10 m. If we assume that the red giant fills its Roche lobe, take into account that the orbital period is 456.3 d, and assume a synchronous rotation, we get an equatorial velocity of 9.25 km s −1 (ignoring all other effects). This velocity is marked with a line in Fig. 7 .
As we can see, this value fits well with the observed FWHM if the inclination is between 50 • and 60 • . Thus we suggest that the red giant is tidally locked in the system.
Sodium lines and link to Ia supernovae
RS Oph is a strong candidate for a SN Ia progenitor (Hernanz & José 2008; Starrfield 2008) . In a recurrent nova outburst the ejecta sweeps through the circumbinary matter (CBM) pushing the matter originated from the red giant stellar wind away changing the density structure in the surrounding medium. Signatures of this kind of pre-explosion density structure have been observed in some SNe Ia (e.g.
Wood-Vasey & Sokoloski 2006).
Iijima (2008) and Patat et al. (2011) have detected components of the Na I D1 line in RS Oph spectrum that cannot be explained by interstellar absorption but are suggested to originate in the CBM. Patat et al. (2011) distinguished 5 different components in the Na I D1 line: at velocities of -77 (#1), -63 (#2), -46 (#3), -12 (#4) and +2 (#5) km s −1 . They use a systemic velocity of -40.2 km s −1 and suggest that components #1 -#3 arise in the CBM. Their data consists of only a few epochs before and after the 2006 outburst of RS Oph, whereas our data covers one whole orbital period.
The Na I line can be seen in Fig. A5 . We can see that that the line profiles do not change depending on the orbital phase supporting the idea that blue-shifted components are indeed due to CBM that has been structured by previous nova eruptions.
POLARISATION SPECTRUM
We fitted the RS Oph polarisation spectrum with an empirical "Serkowski law" (Serkowski 1973; Serkowski et al. 1975) which describes the interstellar polarisation as a function of wavelength:
where P(λ max ) is the maximum degree of polarisation, λ max is the wavelength where it occurs and K is a constant determining the width of the function. The result of the fit is presented in Table 3 and the binned polarisation spectrum together with the fit are shown in Figure 8 . The average of the position angle is 78.7 • ± 5.1 • . As the Serkowski law fits quite well the polarisation spectrum, it seems that we observe only interstellar polarisation and we cannot detect any intrinsic polarisation.
Our result is in agreement with earlier observations by Cropper (1990) where they detected intrinsic polarisation only during the outburst and only interstellar polarisation during quiescence. Also their values of the fit are similar to ours, apart from the constant K which we allowed as a free parameters while they used a fixed value of 1.15.
DISCUSSION
We do not detect He II nor O III emission lines in our spectra. The ionisation energy for both species is around 54 eV. The absence of both lines hints that the temperature of the WD is lower during our observations than it was in 2004, before the last outburst, when Zamanov et al. (2005) observed He II 4686. However, they observed variations on a timescale of a day, which we would miss in our data. Or the line is simply too weak and embedded in the continuum. Even if we do not see direct evidence of an accretion disc, it is possible that an accretion disc exists and we just cannot detect disc-like features because of a low inclination angle that has been suggested for RS Oph.
We find the absence of an absorption component in the helium emission lines perplexing, as it is present in both hydrogen and iron. Either the circumbinary matter does not absorb emission at the wavelengths of He I emission or, more likely, the emission of H and He originate in different locations. In the latter case both hydrogen and iron emission would originate much "deeper" in the circumbinary matter, probably close to the WD, while helium emission would arise from the outer shell of this matter.
There seem to be two classes of Fe II lines: one that has an absorption component at the systemic velocity. And another where the absorption is blueshifted with respect to the systemic velocity. The one at systemic velocity arises in the red giant atmosphere. The one with the blueshifted component is a combination of the RG component and absorption from the circumbinary matter.
The mass ratio we measure is lower than previously reported.
The Na I D1 line show features that can be interpreted as absorption due to circumbinary material.
CONCLUSIONS
Based on our data, we cannot confirm the existence of an accretion disc in RS Oph as we do not detect any supporting spectral features. The mass transfer mechanism remains unclear. Our data clearly points out that the hydrogen lines are not double peaked emission lines (as referred by authors of some previous articles) but a combination of emission and absorption. In a double peaked line setting the middle dip would not go under the continuum level like in our data in all hydrogen Balmer series lines.
We conclude that, if the width of the absorption line Fe I 6703.98Å can be interpreted being due to rotation of the red giant, the rotation of the red giant is consistent with its being tidally locked.
We do not detect any intrinsic polarisation from RS Oph, the linear polarisation we observe is explained by interstellar matter in the line of sight to the target. Figure A5 . The variability of Na I D1 line. Spectra have been normalised to continuum and phase binned into 20 bins and plotted over two orbital phases for clarity. The spectra have not been corrected for the systemic velocity.
